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Abstract—The growth of renewable energy reduces the mo-
ment of inertia for the synchronous AC grid, so the authors
put forward two basic questions: 1) What is the physics insight
that a synchronous AC grid needs for mechanical inertia? 2)
How to provide inertial response for the power grid dominated
with renewable energy? Based on Einstein’s special relativity
and the Lorentz transformation, these papers illustrates that the
nature of the inertia of the AC grid comes from the relativity
of the electromagnetic field and motion, and from the strong
coupling between them. According to their nature, the inertial
response of the synchronous generator is self-proven. By contrast,
the converter for the grid-connection of renewable energies
used various algorithms in order to provide virtual inertia.
But because algorithms do not rebuild the coupling between
electromagnetic fields and motion, it is doubtful whether they
can provide inertia and inertial responses. Therefore, the authors
propose that there is a need to build extra electromagnetic
fields and motion coupling for grids with high penetration
rates of renewable energy. Therefore, a new grid-connection
technology via Motor-Generator Pair (MGP) is discussed. The
electromagnetic-motion coupling of the MGP is analyzed, and the
results of simulation and experimental studies are also reported.

Index Terms—Electromagnetic-motion coupling, inertia
response of power systems, Lorentz transformation, motor-
generator pair (MGP), power systems with high proportion of
renewable energy.

I. INTRODUCTION

THE Chinese government undertakes to adopt effective
measures to reach peak carbon emissions by 2030 and

carbon neutrality by 2060, triggering a need for sharply
increasing the proportion of renewable energy in power gen-
eration systems according to the estimates made by relevant
departments and power companies, that is, the power systems
with high proportion of renewable energy will become a
reality. Under this background, the power systems based
on conventional synchronous generators (SGs) are gradually
evolving to those with a high proportion of renewable energy,
such as wind and photovoltaics [1], [2]. The traditional grid
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and SGs follow the power angle equations and their behavior
are well understood. Unfortunately, the grid and converter-
connected renewable energy do not follow power angle equa-
tions. For example, in the case of an active power disturbance,
renewable energy cannot actively provide inertia support for
power systems. As a result, with the increase of the proportion
of renewable energy, the total inertia level will decrease,
and the system frequency stability will gradually deteriorate.
The weakening of system stability due to insufficient inertial
support often occurs throughout the world. In severe cases, it
will lead to a sudden drop in frequency and further to the grid-
disconnection of renewable energy [3], [4]. Therefore, weak
inertia is one of the instability concerns with a high proportion
of renewable energy.

A lot of studies have been done worldwide as to how to
provide wind turbines and photovoltaics with inertia, how-
ever, the results are not promising. The approaches include
current source converter control and voltage source converter
control [5]. The former introduces the change of the grid
frequency into the outer loop of active power control and
inverters can release the kinetic energy stored from the rotors
of wind turbines or stored energy from batteries in a short time
period, so as to quickly respond to the transient change of grid
frequency and to provide the moment of inertia similar to that
of SGs [6]. However, this method could not produce the inertia
response which SGs can, it only changes the output power ac-
cording to the direction of the frequency change to compensate
for the power imbalance of the system. This is essentially a
fast primary frequency regulation. Additionally, converters are
lacking the power sharing features of SGs. At the moment
of load power disturbance, SGs can instantaneously share the
unbalanced power according to their locations and capacities
based on the Lenz Law. The Virtual Synchronous Generator
(VSG) technology [7] is the representative of voltage source
control, which introduces the motion equation of SGs into the
control algorithm of converters to mimic the inertial response.
Although in theory, converters with VSG control may have
power sharing, they are unable to mimic the electromagnetic
and motion coupling of SGs, therefore the large unbalanced
torque in transient state could affect the operations of re-
newable energy farms. So far, the VSG control essentially
functions as a fast primary frequency regulation [8].

Looking at the frequency drop curve in the transient state,
the mechanical inertia of the SG rotor helps to reduce the
drop rate and drop depth. As stated in the textbook of
power systems, the system frequency is characterized by the
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rotor rotation speed of SG. According to Faraday’s law of
electromagnetic induction, the frequency of the AC voltage
and current generated by SG is also the rotational frequency
of the rotor, thus the motion of the rotor correlates the rotor
frequency with the power imbalance of the power system. This
causes the frequency to become the characteristic indicator of
power imbalance. The SG is the cornerstone of power system,
and the mechanical inertia of its rotor plays a key role in the
frequency stability of the power system.

On the one hand, the stable operation of the synchronous
AC grid depends on the mechanical inertia of the SG. On
the other hand, renewable energy reduces the total number
of SGs. So far, it remains unclear whether the grid-connected
converter can provide inertia by its circuit topology and control
algorithms. Therefore, the authors put forward two basic
questions: 1) What is the physics insight that a synchronous
AC grid needs for mechanical inertia? 2) How to provide
inertial for the power grid dominated with renewable energy?
These two questions need to be answered theoretically.

This paper attempts to answer the above two questions from
the perspective of the electromagnetic field and motion (EM-
motion) coupling. Section II introduces the inertia and inertial
response of the power system based on the traditional theory
of synchronous generators. Section III attempts to answer a
neglected but very fundamental question, why there exists the
mechanical moment of inertia and why it still plays a key
role in today’s synchronous AC grid which has been evolving
for more than a hundred years. To answer this question, the
authors review Faraday’s law of electromagnetic induction and
Einstein’s classic articles in establishing his special relativ-
ity [9]. Einstein applied Lorentz’s transformation to the clas-
sical Maxwell’s electromagnetic equation, thereby revealing
that Maxwell’s equations obey the relativity principle. Lorentz
transformation reveals the relativity of the electromagnetic
field and motion, and the close coupling between them.
According to the physical structure and operation principle
of three phase SG, the authors draw a basic conclusion that
the nature of the inertia response of synchronous AC power
systems originates from Lorentz’s transformation, that is, the
EM-motion coupling. Section IV describes the equipment that
traditionally are capable of providing inertia response, such
as SGs and condensers, both of which are processes of EM-
motion coupling. In Section V, the authors express concern
that EM-motion coupling does not exist due to the lack
of motion in the converter-based grid-connection technology.
Furthermore, the control algorithms aimed to provide virtual
inertia do not add motion or rebuild the EM-motion coupling.
It is therefore inferred that converters may not be capable
of providing inertial response, but may only be capable of
supplementing power to realize faster primary frequency regu-
lation. In order to rebuild the EM-motion coupling, Section VI
introduces a new way of grid-connection for renewable energy
through Motor-Generator Pair (MGP), the structure of MGP
and its EM-motion coupling, and the analysis of the inertial
response from MGP based on these coupling characteristics.
In Section VII, simulation and experiments demonstrate that
the inertial response introduced by the MGP helps to improve
the frequency stability of power systems.

II. PHYSICS INSIGHT OF INERTIA IN POWER SYSTEMS

A. Classification of Inertia in Power Systems

In physics, inertia is an inherent attribute of objects. For a
rotating object, inertia means that it has an inherent attribute of
maintaining static or uniform rotation, which is characterized
by the resistance of the object to the change of its rotation
state. The moment of inertia J is a measure of inertia when
an object rotates about an axis, which is given by:

J =

∫
r2dm (1)

where r is the radius of rotation, and m is the mass of the
rotating object.

In a synchronous generator, the relationship between the
speed ωr of a rotating object and its driving mechanical torque
TM and braking electromagnetic torque TE can be expressed
as:

J
dωr

dt
= TM − TE (2)

The change of speed ωr with time can be expressed as:

ωr = ωrt0 +
1

J

∫ t

t0

(TM − TE)dt (3)

where t0 is the initial time and ωt0 is the speed at t0.
It can be seen from (3) that when the torque suddenly

changes, the speed of the object does not abruptly change due
to the inertia of the object itself, but continuously transits from
the initial speed to another speed. The speed of this process
is affected by the moment of inertia.

The rotational energy Er stored by an object rotating at ωr

can be expressed as:

Er =

∫
J
dωr

dt
ωrdt =

1

2
Jω2

r (4)

In the electromagnetic field, the elements that store the
magnetic field energy and electric field energy are inductors
and capacitors respectively. According to the law of electro-
magnetic induction, the current iL flowing through an inductor
can be given by:

L
diL
dt

= ∆uL (5)

where L is the inductance, and uL is the voltage across the
inductor.

The change of inductive current iL with time can be
expressed as:

iL = iLt0 +
1

L

∫ t

t0

uLdt (6)

where iLt0 is the inductive current at t0.
Equation (6) shows that the current flowing through the

inductor does not change abruptly with the presence of L. The
magnetic field energy EL stored by the inductor is expressed
as:

EL =

∫
L
diL
dt
iLdt =

1

2
Li2L (7)
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The voltage uC across the capacitor can be given by:

C
duC
dt

= ∆iC (8)

where, C is the capacitance, and iC is the current flowing
through the capacitor.

The change of voltage uC with time can be expressed as:

uC = uCt0 +
1

C

∫ t

t0

icdt (9)

where, uCt0 is the voltage across the capacitor at t0.
Equation (9) shows that the voltage across the capacitor

does not abruptly change. The electric field energy EC stored
by the capacitor is expressed as:

EC =

∫
C
duC
dt

uCdt =
1

2
Cu2C (10)

To sum up, the inertia in power systems is divided into
mechanical inertia and electromagnetic inertia, as shown in Ta-
ble I. The structure and operation principle of the synchronous
motor determines the existence of both mechanical inertia and
electromagnetic inertia which provide resistance to the changes
of physical quantities such as current, voltage and rotation
speed when the system is disturbed.

B. Inertial Response of the Synchronous Generator

The equation of SG’s rotor motion is the key in analyzing
the frequency stability of the power system, which describes
the influence of electromagnetic power Pe and mechanical
power Pm on the speed ω of the rotor, then it can be expressed
in per unit value as:

2H
dω

dt
= Pm − Pe −KDω (11)

where H is the time constant of SG’s inertia, which is only
related to the moment of inertia J for running at rated speed;
KD is the damping coefficient.

The active power transmitted from the SG to the load is
expressed as:

Pe =
E′

GUL

XT
sin δ (12)

where E′
G is the internal electrical potential of the SG, UL is

the voltage at the load, XT is the equivalent reactance between
E′

G and UL, and δ is the phase angle difference between E′
G

and UL.
In the equivalent circuit model, the E′

G of the SG is given
by:

E′
G =

Xad

Xf
ψf =

Xad

Xf
(−Xadid +Xf if ) (13)

where ψf is rotor flux, Xad is mutual inductive reactance of
stator d-axis winding and rotor winding, Xf is rotor winding
reactance, id is stator d-axis current, and if is rotor winding
current.

Immediately after power disturbance, the inertial response
of the SG can be divided into two stages. The first stage
features the electromagnetic power sharing, the SGs instan-
taneously share the system power imbalance at the moment
of disturbance, and even more remarkable is that the amount
of power sharing by a specific SG is proportional to its
capacity (proportional to its electromagnetic inertia) and its
distance to the disturbance point; The second stage features
the mechanical power sharing, the mechanical energy stored
in the rotor is converted into electromagnetic power to cut
the deficit of the imbalanced system power, the amount of
sharing is proportional to its mechanical inertia. The second
stage will reduce the frequency drop depth and drop rate. The
phenomenon in these two stages is so-called electromagnetic-
mechanical coupling named by the industry.

Equation (11) is not only suitable for steady state, but
also for the above transient state. When there is an abrupt
change in the grid, in order to solve (11) to get transient
frequency variation, the initial condition at the disturbance
moment must be known. That initial condition is just the result
of electromagnetic power sharing described above.

The phasor diagram Fig. 1 depicts how to determine tran-
sient initial conditions according to the physics law. Taking
the increase of load power as an example, the electromagnetic
inertia of the inductor prevents id and if from abruptly
changing at the moment of disturbance, thereby preventing the
rotor flux ψf and the amplitude of internal electrical potential
E′

G of SGs from doing so. According to Lenz’s law, the current
I in the line suddenly changes to I ′ after the load increase. At
the moment of disturbance, the inertia of rotor speed prevents
the phase of E′

G from abruptly changing, and the surge of
current I in the circuit makes the phase angle difference δL
between E′

G and UL instantaneously widen to δ′L Put δ′L to
(12), find that the electromagnetic power of the synchronous
generator instantaneously increases to share the increase of the
disturbance power.

q

dΨf

E′G

δ′L
δL

UL

jXtI

jXtI′

U′L

Fig. 1. Schematic phasor diagram of physics variables of SGs at the moment
of abrupt load power increase.

TABLE I
CLASSIFICATION OF INERTIA IN POWER SYSTEMS

Name of inertia Mechanical inertia Electromagnetic inertia Electromagnetic inertia
Physical carrier with inertia Moment of inertia J Capacitance C Inductance L
Characteristic physical variables of inertia Rotational speed ωr Voltage uC Current iL
Inertial energy of carrier Mechanical energy 1

2
Jω2

r Electric field energy 1
2
Cu2

C Magnetic field energy 1
2
Li2L

Equation characterizing inertia J dωr
dt

= TM − TE C duC
dt

= ∆iC LdiL
dt

= ∆uL
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Given the above initial power shared, (11) can characterize
the subsequent changes. When the electromagnetic power
of SG increases, the mover could not catch up to this fast
change. Under the unbalanced torque, the speed of the SG’s
rotor decreases to release its kinetic energy to supplement the
imbalance of system power. This process is referred to as the
mechanical inertial response of the SG, the SG can release
its mechanical energy at the right time to ease the power
imbalance.

In power systems, the relationship between the mechanical
energy of the rotor and the output electromagnetic power of the
SG is described in (11), including finding the initial conditions
in transient state, is generally is expressed as the EM-motion
coupling. The next section discusses the physics insight of this
coupling.

III. PHYSICS INSIGHT OF INERTIA IN POWER SYSTEMS

Faraday’s law of electromagnetic induction shows that the
change of magnetic flux can produce an electric field. Maxwell
ingeniously put forward the hypothesis of displacement cur-
rent, thereby establishing a complete classical electromagnetic
theory. He then predicted the electromagnetic wave and calcu-
lated its propagation speed which was the same as the speed
of light. Maxwell’s equations are expressed as:

∇×B = µ0

(
J + ε0

∂E
∂t

)
∇×E = −∂B

∂t

∇ ·B = 0

∇ ·E = ρ
ε0

(14)

where E is the electric field intensity, B is the magnetic
induction intensity, J is the current density, µ0 is the vacuum
permeability, ρ is the charge density, and ε0 is the permittivity
of vacuum.

Faraday’s law of electromagnetic induction is accurately
described as the induced electric field resulting from the
change of flux, while flux change can be realized by the
motion of either coil or magnet, so that Faraday’s law of
electromagnetic induction is related to motion. In history,
researchers had found Faraday’s law has two phenomena.
Fig. 2 shows a simple thought experiment about these two
phenomena.

(a) The magnet moves while the conductor stays still

(b) The conductor moves while the magnet stays still

S N

S N

Fig. 2. Thought experiment of the motion of magnet and coil.

In Fig. 2(a), the magnet is moving while the conductor stays
still, an electric field is generated near the magnet, and a cur-

rent is generated in the conductor due to the induced electric
field. In Fig. 2(b), the magnet is stationary while the conductor
is moving, no electric field is generated near the magnet, but
a current is generated in the conductor due to the induced
electric field. The relative positions of magnet and coil are the
same in both cases, but with the only differences in motion,
resulting in the asymmetry of electric field and magnetic field.
This experiment shows not only the electromagnetic-motion
correlation, but also the incompatibility between Newton’s
classical mechanics and Maxwell’s classical electromagnetic
theory. Under Galileo transformation of classical mechanics,
the electromagnetic theory does not obey the principle of
relativity, or the principle of coordinate invariance.

Many physicists have made interpretative explanations on
the two phenomena. Even the great theoretic physicists, such
as Lorentz, although as found by the Lorentz transformation,
he could not abandon the absolute space-time view of New-
tonian mechanics. Lorentz’s transformation is shown in (15).

t′ = γ
(
t− vx

c2

)
x′ = γ(x− vt)

y′ = y

z′ = z

(15)

where x, y, z and x′, y′, z′ are the axes of two coordinate
systems, t and t′ are the time in the corresponding coordinate
systems, v is the speed of relative movement between coordi-
nate systems, and c is the speed of light. γ = (

√
1− v2/c2)−1.

Lorentz’s explanation of Lorentz transformations was about
interpreting physical phenomena through some mathematic
tricks. But he did not reflect their physics significance with
the relativistic view of time and space.

In 1905, Einstein published his “On the Electrodynamics of
Moving Bodies” [9]. Though this paper marked the birth of a
brand-new view of time and space (special relativity), he used
nearly half the paper discussing the relativity of the electric
field, magnetic field and their motion, that is, the EM-motion
coupling used by the authors. At the beginning of the article,
Einstein described the asymmetry caused by motion shown in
the thought experiment in Fig. 2.

For the vector of the electric field and magnetic field, the
Lorentz transformation is expressed as:

E′
// = E//

B′
// = B//

E′
⊥ = γ(E⊥ + V ×B)

B′
⊥ = γ

(
B⊥ − V

c2
× E

) (16)

where E is the electric field in the rest system, E′ is the
electric field in the moving system, B is the magnetic field
in the rest system, B′ is the magnetic field in the moving
system, and V is the velocity of the moving system relative
to the rest system. The subscripts // and ⊥ are the parallel
and perpendicular components to the direction of motion of
the moving system relative to the rest system, respectively.

Under the Lorentz transformation, Maxwell’s equations are
the same in different inertial frames, that is, electromagnetic
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phenomena obey the principle of relativity. Einstein wrote:
“the same laws of electrodynamics and optics will be valid for
all frames of reference for which the equations of mechanics
hold good.”

It is evident from (16) of the Lorentz transformation that if
either electric field or magnetic field does not exist in a rest
system, for instance, E or B is 0, but the electric field or
magnetic field may present in a moving system, i.e., E′ or B′

is not 0. Therefore, electricity and magnetism are relative and
not independent of the motion state of the reference system.
In other words, the electric field, magnetic field and motion
are directly coupled.

For the asymmetry shown in the experiment in Fig. 2,
Einstein explained with Lorentz transformation: “If a unit
electric point charge is in motion in an electromagnetic field,
the force acting upon it is equal to the electric force which is
present at the locality of the charge, and which we ascertain
by transformation of the field to a system of co-ordinates at
rest relatively to the electrical charge.” “Electric and magnetic
forces do not exist independently of the state of motion of
the system of co-ordinates. Furthermore, it is clear that the
asymmetry mentioned in the introduction as arising when we
consider the currents produced by the relative motion of a
magnet and a conductor, now disappears.”

For a synchronous AC grid based on SG, its EM-motion
coupling is deeply rooted in Einstein’s special relativity and
is clearly expressed by the Lorentz transformation. Therefore,
the authors draw a basic conclusion that the inertia response
of synchronous AC grid originates from the Lorentz transfor-
mation, in other words, from EM-motion coupling.

In the past, high-speed moving elementary particles are used
as examples to calculate the clock slow down or the length
contraction in order to understand special relativity. Now,
the special relativity exists directly in the synchronous AC
grid. This relativity (coupling) among electricity, magnetism
and motion plays a great role in stable operation of the
synchronous AC grid.

IV. METHODS TO INCREASE INERTIA BASED ON THE
EM-MOTION COUPLING

Section II describes the inertia and inertial response of SGs,
and Section III explains the physics insight of SG’s inertia
from the perspective of EM-motion coupling. Based on the
nature of inertia and the operation practice of the power grid,
the authors derive the first hypothesis that the inertial response
required by the synchronous AC grid can only be provided by
equipment with EM-motion coupling.

A synchronous condenser is a synchronous motor with no-
load operation, of which the reactive power compensation is
essentially realized through the EM-motion coupling. There-
fore, condensers can obviously be used also to increase the
inertia in power systems.

Condensers have been used as the main reactive power com-
pensation equipment since the 1950s, but are gradually being
replaced by power electronics based reactive compensation
due to no-load loss and maintenance costs.

Because of the large-scale feed from the HVDC transmis-
sion, the problem of insufficient reactive power support is

becoming increasingly severe. This introduces the resumption
of condensers in power systems from the beginning of the
21 st century. The engineering practice in China shows that
the transient process related to HVDC transmission is very
short, and power electronic compensation equipment with
inherent time delay may worsen the system characteristics
and produce a “counter regulation” effect [10] when the
voltage of the converter station rapidly changes as in the
case of commutation failure and HVDC block in the sending-
end. Due to the intrinsic EM-motion coupling and the strong
short-term overload capacity, condensers provide faster and
stronger dynamic reactive power support. For example, the
2 × 300 Mvar Condensers at Shaoshan Converter Station in
Hunan Province is China’s first condenser project put into
operation at the receiving-end of the HVDC line. Its reactive
compensation capability is 2–3 times that of static synchronous
compensators (STATCOM), which effectively improves the
operation capability and voltage stability of the HVDC line.
With further improvements in structure and parameters design,
condensers can play a better role in reactive power support in
the future [11].

In recent years, some engineering projects abroad have also
demonstrated that condensers can provide not only fast reac-
tive compensation, but also the inertia support for weak grids.
For example, high-inertia condensers have been deployed to
improve the frequency support for the Newfoundland power
grid in St. John’s, Canada. The condensers provide an inertia
time constant up to 7.84 s [12], which is 6∼7 times that
of a normal condenser. The National Grid of the UK is
implementing a hybrid condenser project in Nielston, which
is expected to be completed in 2021 and intended to enhance
the inertia of the grid as well as the short-circuit capacity and
reactive compensation capability by installing 140 MVA rated
synchronous condensers and STATCOM [13]. The excellent
performance in inertia support of synchronous condensers
has been demonstrated in the above engineering practices.
However, there is no such practice in China as of yet.

So far, the effective equipment providing inertia for the grid
is the SGs and condensers. This fact supports the first hy-
pothesis that the inertial response required by the synchronous
AC grid can only be provided by equipment with EM-motion
coupling.

V. GRID-CONNECTED CONVERTERS LACK OF
EM-MOTION COUPLING

The typical control structure of a typical grid-connected
converter for renewable energy power generation is shown in
Fig. 3. This principle is widely used in grid-connected PV
and battery storage, and is extended to wind turbines to some
degree.

Inside converters, the electric current from renewable en-
ergies is first smoothed in the capacitor, then is chopped by
switches into a series of pulses, these pulses are organized
by a control algorithm and are filtered by inductors into
sinusoidal forms, then the sinusoidal forms are fed into the
grid at the expected timing adjusted by PLL and the control
algorithm. The control algorithm also uses an active and
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Fig. 3. Typical control loops of grid-connected converters.

reactive power control via the vector control-based coordinate
transformation and voltage orientation. That is, the form and
the timing of the arriving power to the grid are completely
determined by control algorithms. Regardless of how dedicated
the algorithm is, there is no EM-motion coupling existing
between converters and the grid. Therefore, there is no inertia
provided by converters. The converters cannot expect to have
the features, such as power sharing and inertial response,
which the SG has.

In order to add the correlation between the renewable energy
operation and grid frequency, “virtual” inertia is a potential
suggestion. A typical virtual inertia control is shown in Fig. 4,
and the idea is to add a feedback link proportional to the
change or the change rate of the system frequency on the active
power control loop as shown in Fig. 3, to allow the converter to
respond to the frequency variations to increase or decrease the
active power output. The virtual inertia is generally sourced
from the kinetic energy stored in the energy storage, such as
capacitor or battery, or in the rotor of the wind turbine. The
energy storage can be different but is of the same basic idea
in the control.

d/dt KJ

KD

PD

P
0

P*

f *

f

Grid Inverter

Fig. 4. Block diagram of the typical virtual inertia control.

A sensor of the converter detects the grid frequency change
to initiate the output power change for frequency support, so
the process lags the grid disturbances. This inherent delay
makes it hard to instanteously do the power sharing. For wind
turbines, excessive use of kinetic energy stored in the rotor
may also cause secondary frequency drop. For the equipment
with energy storage, it provides support by fast charging and
discharging. Currently there are some energy storage projects
running very well and playing a role in the grid stability,

such as the Energy Storage Power Station in Bordesholm,
Germany, and the Hornsdale Power Reserve in Australia.
However, they primarily provide primary services, such as
frequency regulation, peak shaving, voltage regulation and
black start [14]. Essentially, the EM-motion coupling of the
SG is not presented in virtual inertia control, the SG’s inertia
response in transient state does not show up in the above
practices.

Based on the conclusions of the physics insight of inertia,
and on the fact that conventional grid-connected converters do
not rebuild the EM-motion coupling for renewable energy, the
authors derive their second hypothesis that the grid-connected
converters may be unable to provide the inertial response
required by the synchronous AC grid, but will instead sup-
plement the unbalanced power through fast primary frequency
regulation.

Generally speaking, converter based renewable energy
power generation at present has no EM-motion coupling,
but relies on stable grid voltage as the control reference for
converters to follow the grid. For a grid with 100% penetration
of renewable energy, there is a big question as to whether
the grid can still provide a stable voltage and frequency
reference to ensure the normal operation of converters. Till
now, all the existing or in-developing algorithms of converters
are essentially trying to mimic but not to rebuild the natural
coupling between the electromagnetic field and motion. So,
if there is no new technology to provide stable EM-motion
coupling for future converters, there definitely exists a critical
maximum proportion of renewable energy, which is restricted
by the present converters do to their nature. Whether this
maximum proportion can meet the goal of the carbon emission
restriction act, will be the big question to answer. The authors
suggest it is necessary to rebuild the EM-motion coupling for
the electrical power produced by renewable energy.

VI. MGP TECHNOLOGY TO ENHANCE INERTIA OF POWER
SYSTEMS WITH RENEWABLE ENERGY

A. Structure and Characteristics of MGP Technology
Based on the understanding of the physics insight on EM-
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motion coupling in SGs and the inertial response from the
mechanical inertia in SGs after power disturbance, the authors
developed MGP technology [15], [16] on the foundation of
synchronous machines. As shown in Fig. 5, the MGP system
consists of a coaxially connected synchronous motor (SM)
and synchronous generator (SG). Renewable energy, such as
wind and photovoltaics, drives SM via a converter, SM drives
SG and then completes the grid-integration. Unlike the popular
grid-connection converters, MGP achieves the grid-connection
of renewable energy through the coupling process of electrical-
mechanical-electrical conversion.

Excitation
system of

motor

n=60 f/p

Renewable
energy unit

Converter

Synchronous motor
Electromagnetic

torque
Electromagnetic

torque
Mechanical

torque

MGP system

Synchronous generator

Excitation
system of
generator

Power
grid

Fig. 5. Layout of MGP grid-integration.

From the physics point of view, MGP rebuilds the EM-
motion coupling for renewable energy through electrome-
chanical energy conversion, laying a solid foundation for the
stable operation of the synchronous AC grid dominated with
renewable energy.

The MGP system provides renewable energy farms with
excellent characteristics of SGs, such as inertial response,
mechanical isolation of the electrical influence between source
and grid, overvoltage and overcurrent tolerance, and sufficient
reactive power support for both ends of the energy farms and
grid [17]. The MGP system makes full use of the EM-motion
coupling, which not only retains the role of mechanical inertia,
but also retains all the other characteristics of SGs. It is very
likely that MGP technology is the solution to power systems
with a high proportion of renewable energy. Some studies have
been made on the feasibility of MGP technology, and although
it has not yet been put into a practical application, it is in line
with the first hypothesis of this paper.

B. EM-motion Coupling and Motion Equation of MGP

MGP rebuilds the EM-motion coupling through energy
conversion. The converter modulates the coming electrical
power into time varied electrical current; this current produces
a rotational magnetic field in the SM, then drives the rota-
tion of the SM’s rotor and SG’s rotor, thereby generating a
rotating magnetic field in the SG; SG’s stators pick up the
varying magnetic field and produces a three-phase time varied
electrical voltage and current.

The power angle characteristics of MGP are described as
follows with common notations of AC theory. As shown in
Fig. 6, E′

M and E′
G are the internal electrical potential of

SM and SG. The SM and the SG have independent power
angles δM and δG though these two angles are correlated, UBM

and UBG are terminal voltages of SM and SG, respectively.

UM UG
E′M

E′G E′G

E′M UGUM

PMGP PM PG

δG

ΔδG
ΔδM

δM

ω0 ω0

δGδM

Increase or decrease
of active power

Fig. 6. Power angle characteristics of the MGP system.

Ignoring the torsional stiffness of the mechanical shafts of
MGP, the rotors of SM and SG have the same angular velocity,
thus E′

M and E′
G rotate synchronously at the synchronous

speed ω0. Because of mechanical loss, the power PM of SM is
a little larger than the power PG of SG. The power angles δM
and δG of MGP vary with the same tendency as the variation
of PM and PG.

The rotors of MGP are rigidly connected, and the mechan-
ical torque TmG and angular velocity ωG of the SG are equal
to the mechanical torque TmM and angular velocity ωM of
the SM, respectively. For simplicity, SM and SG are made
identical in capacity and structure, they have equal inertia time
constants H . Equations (17) and (18) characterize the motions
of the SM and the SG respectively.{

D∆ωM = 1
2H (PeM − PmM −KDM∆ωM)

D∆δM = ω0∆ωM

(17){
D∆ωG = 1

2H (PmG − PeG −KDG∆ωG)

D∆δG = ω0∆ωG

(18)

where D is the differential operator d/dt; ∆ωM and ∆ωG are
the speed deviations of SM and SG respectively; KDM and
KDG are the damping coefficients of SM and SG respectively;
PeM and PeG are the electromagnetic torques of the SM and
SG; ω0 is the synchronous speed.

Ignoring the possible little differences in ∆ωM and ∆ωG

related to torsional stiffness of shafts and axles in the transient
state, there is, ∆ωM = ∆ωG = ∆ωr, and equations (17) and
(18) can then be simplified as:{

D∆ωr = 1
4H [PeM − PeG − (KDM +KDG)∆ωr]

D∆δG = ω0∆ωr

(19)

Comparing (19) and (11), it is obvious that the output power
PeG from MGP has direct coupling with the system frequency,
which is exactly the EM-motion coupling in a traditional
thermal power mover and SG with the grid. Therefore, MGP
rebuilds the EM-motion coupling for the renewable energy.

C. Mechanical Inertia of MGP

Because of the direct EM-motion coupling, MGP can pro-
vide two-stage inertial response as mentioned in Section II-B
for renewable energy grid-integration. The first stage features
the electromagnetic power sharing, and the second stage
features the mechanical power sharing. This inertial response
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immediately reduces the frequency drop depth and drop rate
after the disturbance of power imbalance.

As an example, the moment of inertia of MGP can be
calculated based on the actual shaft parameters of a 600 MW
thermal power unit [18], which consists of four mass blocks:
exciter, generator, low-pressure cylinder and high-pressure
cylinder. The MGP system comprises two synchronous ma-
chines and two sets of an excitation system. The moment of
inertia in MGP can be estimated to be about 65% of that of
a thermal power unit with the same capacity, as shown in
Tables II and III [17].

TABLE II
MOMENT OF INERTIA OF A 600 MW THERMAL POWER UNIT

Quality mass Moment of inertia
(kg·m2)

Total moment of
inertia (kg·m2)

Exciter 58.36

22713.22Generator 7435.81
Low pressure cylinder 13112.76
High pressure cylinder 2106.29

TABLE III
MOMENT OF INERTIA OF A 600 MW MGP

Quality mass Moment of inertia
(kg·m2)

Total moment of
inertia (kg·m2)

Motor exciter 58.36

14988.34Motor 7435.81
Generator exciter 58.36
Generator 7435.81

The moment of inertia J can be specified by the inertia time
constant H:

H =
1

2

Jω2
0

SB
(20)

where SB is the rated capacity.
The inertia time H of thermal power units is generally

within the range of 2.5∼6.0 s [19]. According to (16), the H
of MGP can reach 1.625∼3.9 s for the same rated capacity and
rated speed. Therefore, the MGP system can provide enough
inertia for power systems with a high proportion of renewable
energy to maintain the operation stability.

VII. SIMULATION AND EXPERIMENTAL STUDIES OF MGP
ON INERTIAL RESPONSE

A. Simulation of Inertial Support of MGP

In order to test the inertia support of MGP, simulation
models are established as shown in Fig. 7. In Model I, there
are a 60 MW rated thermal power unit and grid-connected
photovoltaic converter, and they are connected to loads through
transformers. In Model II, the capacity of the thermal power
unit and photovoltaics is the same as in Model I, but photo-
voltaics are integrated into the grid through MGP.

Figure 8 shows the frequency response curves of Model I
in which the PV with converter and Model II in which PV
with MGP with 10% load increase at time of 100 s. After the
load increase, the PV with MGP has the rate of change of
the initial frequency of 0.124 Hz/s, and the frequency nadir is
59.21 Hz, whereas 0.326 Hz/s and 58.94 Hz are for the PV

Model I

Model II

10% load power increase

10% load power increase

PV+MGP rated for 60 MW

MGP

Thermal power unit with an
installed capacity of 60 MW

Thermal power unit with an
installed capacity of 60 MW

PV converter rated for 60 MW

Load

Load

Fig. 7. Simulation model of inertia support of MGP.
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Fig. 8. Frequency response of grid-connected photovoltaic via converter and
via MGP.

with a converter. The simulation indicates that Model II has a
smaller rate of change and smaller total change than Model I.
This means that MGP has provided expected inertia response.

Figure 9 is the active power output for Model I and Model
II after the load has a sudden change.

It has been determined that the system frequency decreases
after the load increases. One can see from Fig. 9(a) that after
load increase, the thermal power unit can instantly give more
active power to provide inertial response, but the output power
of the PV with a converter remains the same. From Fig. 9(b)
for Model II, the PV with MGP can instantaneously provide
certain active power to respond to the change of load, because
of this power sharing of MGP, the thermal power unit does
not need to provide the total imbalanced power at the moment
of disturbance. After this first stage of power sharing, the
MGP releases its mechanical power to the active power with
the time constant of H , so that the MGP’s output gradually
reduces. During this period, the thermal power unit has already
started its primary frequency regulation. This result suggests
that MGP can provide inertia support like traditional thermal
power units, and sufficient inertial response can be ensured
from the large time constant of MGP.
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(a) Active power transmitted by thermal power unit and
PV with converter after load increase in Model I
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(b) Active power transmitted by thermal power unit and
PV with MGP after load increase in Model II
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Fig. 9. Active power of model I and model II after load increase.

B. Experimental Study of Inertial Support from MGP

An experimental setup, as shown in Fig. 10, is developed
to study the feasibility and effectiveness of MGP for the grid
connection of renewable energy.

Frequency
converter

Grid
Speed
governor

DC+SG

MGP

+

u/i/rpm

u/i/rpm Breaker

Breaker

Programmable
load

Fig. 10. Experimental platform of MGP.

Due to the limitations of the early stages in experimental
studies, motors with only a rating of 5 kW are used, and the
converter is powered by a wall plug or PV simulator. This
type of setup shows that the MGP system can follow the input
power level and transmit the power to the load or back to the
wall plug.

The inertial response of MGP is compared with that of a
single generator set in this experiment. The setup shown in
Fig. 10 has two load operation modes: 1) frequency converter
drives the MGP; 2) DC motor drives the SG.

The programmable load is controlled to make a 1500 W
load increase, and the frequency response of the generator in
two modes after load disturbance are shown in Fig. 11.

Figure 11 demonstrates that MGP has similar inertial re-
sponses as traditional SGs. For MGP, the initial change of rate
is similar, but the system nadir frequency is clearly smaller,
and the frequency oscillation attenuates faster in the recovery
process.

In conclusion, MGP can provide actual inertial response to
the system. It rebuilds the EM-motion coupling for renewable
energy.
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Fig. 11. Frequency response of single generator and MGP after load change.

VIII. CONCLUSION

This paper explores the theoretical understanding and prac-
tical solution to the problem of lack of inertia in power systems
with a high proportion of renewable energy. In summary, 1)
Obtain a basic conclusion that the nature of the inertia of the
synchronous AC grid comes from Lorentz transformation, the
inertial response comes from strong electromagnetic-motion
coupling. 2) Based on this, it is necessary to understand
from the first hypothesis that the inertial response required
by the synchronous AC grid may have to be provided by
equipment with the coupling. 3) Based on the conclusion, it
is necessary to understand from the second hypothesis that
the grid-connected converter may be unable to provide the
inertial response required by the synchronous AC grid; 4)
According to the first hypothesis, the authors suggest it is
necessary to rebuild the EM-motion coupling for the electrical
power produced by renewable energy. Therefore, the MGP
technology with EM-motion coupling is discussed, and studies
are made in simulation and experiments.
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